Abstract. In order to ensure the safety and effectiveness of magnetic induction hyperthermia in clinical applications, numerical simulations on the temperature distributions and extent of thermal damage to the targeted regions must be conducted in the preoperative treatment planning system. In this paper, three models, including a thermoseed thermogenesis model, tissue heat transfer model, and tissue thermal damage model, were established based on the four-dimensional energy field, temperature field, and thermal damage field distributions exhibited during hyperthermia. In addition, a numerical simulation study was conducted using the Finite Volume Method (FVM), and the accuracy and reliability of the magnetic induction hyperthermia model and its numerical calculations were verified using computer simulations and experimental results. Thus, this study promoted the application of computing methods to magnetic induction therapy and conformal hyperthermia, and improved the accuracy of the temperature field and tissue thermal damage distribution predictions.
Introduction
Magnetic induction hyperthermia was first proposed as a treatment for tumors by Gilchfist in 1960 [1] , who demonstrated that when magnetic particles are selectively placed in tumor regions and irradiated with an alternating magnetic field, local hyperthermia can be achieved. However, in order to prevent irreversible thermal damage to normal tissues, an appropriately effective temperature must be applied to the tumor. Therefore, preoperative temperature simulation and treatment plan preparations are necessary.
Studies concerning hyperthermia planning systems were initiated in the 1970s [2, 3] and developed in the 1980s and 1990s [4] [5] [6] . In 2007, the Magforce Company in Berlin, Germany began to develop the planning system NanoPlan and apply it to clinical trials [7, 8] ; in 2011, the Dutch scholar Linthorst et al. established a 3D model for epidermal hyperthermia planning [9] . In addition, in 2012, Di Barba et al. proposed an optimization method for treatment planning using finite element analysis [10] , and in S828
H. Wang et al. / A three-dimensional model and numerical simulation regarding thermoseed
2013, Paulides et al. from the University of California conducted a study to compare and optimize the simulation techniques of existing hyperthermia [11] . Furthermore, in 2014, Stigliano et al. conducted experiments in order to validate the existing magnetic induction treatment planning system models [12] . In recent years, research concerning magnetic induction hyperthermia planning has progressed. However, the multi-dimensional thermal field calculation models and numerical simulation methods of the existing hyperthermia planning systems cannot accurately predict thermal doses.
Thus, in order to accurately predict thermal doses, a 3D model was established and numerical calculations and simulations based on FVM were conducted. With these developments, temperature field and thermal tissue damage distributions could be calculated using the thermoseed configurations arranged by doctors during preoperative planning in order to improve the accuracy and success rates of hyperthermic treatments.
Model
Conformal hyperthermia calculation methods primarily involve three numerical models, including the heat medium thermogenesis model, which determines the distribution of the instantaneous energy field during the treatment phase; the biological tissue heat transfer model, which determines the final distribution of the temperature field in the treatment region; and the tissue thermal damage model, which determines the effects of the treatment using specific treatment parameters.
Thermoseed thermogenesis model
In this study, a cylindrical nickel-copper alloy metal rod (Thermoseed) with a ferromagnet eddy current effect was implanted into tumor tissue for the numerical simulation analysis [13] . When the axial direction of a thermoseed is parallel to the direction of the magnetic field, the internal axial magnetic field of the medium satisfies the Helmholtz equation under scalar conditions. If the direction of the magnetic field is in the direction of the Z-axis, then the solution of the axial magnetic field can be obtained using the modified Bessel's equation with an order of zero (r, φ, z)
In the content above, β is the propagation constant, A and B are constants which are decided by boundary conditions. The mathematical processes of the absorption power per unit length and radius of the thermoseed (a[m]), conductivity (σ[S/m]), permeability (μ[H/m]), frequency (ω[Hz]), and external magnetic field strength at the location of the medium (H 0 [A/m]) was summarized by Haider [13] as follows.
We define that x is the magnetic induction of the implanted thermoseed 
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As shown in Eq. (3), the absorption power is proportional to the square of the magnetic field strength. By studying the relationship between the absorption power and the electromagnetic parameters of the medium, the absorption power was found to be the monotonically increasing function of the dielectric constant and magnetic field frequency, and proportional to the radius of the medium and the monotonically decreasing function of conductivity. Due to the complex expression of g(x), a simple function was introduced to approximate g(x). , else
When calculating a single thermoseed, the value of g(x) is negligible. However, the typical amount of thermoseed implanted in a tumor region during magnetic induction therapy ranges from one dozen to dozens. As the amount of thermoseed increases, the impact of g(x) on the absorption power also increases. In this study, the effects of g(x) on the absorption power during thermogenesis with multiple thermoseeds was considered during the construction of the thermoseed thermogenesis model, thereby increasing the accuracy of the calculation results.
Ferromagnetic alloy thermoseeds have Curie points, which typically range from approximately 50 to 80 • C. Due to the Curie point effect, magnetic susceptibility decreases as temperature increases. In addition, the medium becomes changes from ferromagnetic to paramagnetic when the thermoseed temperature is approximate to the Curie point. The permeability, due to its relationship to magnetic susceptibility, also decreases significantly, resulting in a reduction in thermogenic power. Equation (6) displays the relationship between thermoseed permeability and temperature, where T c represents the Curie point temperature of the thermoseed [14] .
Tissue heat transfer model
The tissue heat transfer model was established using Pennes perfusion tissue heat transfer model [15, 16] :
In Eq. (7) Several of the parameters in this equation could be affected by temperature changes. In order to improve the accuracy of the calculation results, the tissue thermal energy, heat transfer parameters of biological tissue, and effects of temperature changes on the blood perfusion rate were fully considered in this model. In addition, the specific heat capacity of water, variation coefficient of the tissue thermal conductivity, and variation coefficient of the blood perfusion rate were added to the model.
In the model, q r was used to represent the external thermogenesis item [W · m −3 ], and the heat transfer between the thermoseed and contact tissue was neglected in order to simplify the calculations. The thermoseed thermogenesis at time t was used to describe the heating process of tissue, and q m S830
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was used to represent the thermal energy [W · m −3 ] converted from biochemical energy due to local metabolism. q m can be described as [17] 
where q m0 is the reference metabolic rate at a body temperature of 37 • C and the typical value of φ is equal to 3.0 [17] . According to the law proposed by Müller [18] and Zhai et al. [19] , the heat transfer parameters of biological tissue associated with tissue temperature can be expressed by the following.
T is the tissue temperature. ω is the water content of the tissue, which varies based on the tissue type. For example, the water content of liver tissue is approxitely 0.69 [18] . l c and l k represent the variation coefficients of the specific heat capacity of water and the tissue thermal conductivity over changes in temperature.
During magnetic induction hyperthermia, an increase in tissue temperature can induce vascular expansion and, thereby, accelerate blood flow and lead to a change in blood perfusion rate. The condition can be described quantitatively by [20] 
where ω b0 represents the blood perfusion rate under homeostasis, and f T represents the correlation coefficient of the blood perfusion rate and tissue temperature, which is expressed as
where f u represents the tissue intact coefficient, expressed as [21] 
In Eq. (13), Ω refers to the damage function of biological tissue during hyperthermia; this value can be calculated with the Arrhenius biological thermal damage equation.
Tissue thermal damage model
In the current clinical applications of magnetic induction hyperthermia, biological tissue temperature is usually used to indirectly assess the extent of tissue thermal damage without direct quantitative dose standards. Thus, in this paper, a tissue thermal damage model was introduced and a quantitative description of biological tissue thermal damage was conducted in order to improve magnetic induction treatment efficacy assessments.
According to a study conducted by He and Bischof et al., biological tissue thermal damage is not only related to tissue temperature, but also by the duration of exposure to certain temperatures. When tissue
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cells are exposed to an environment with a temperature of T (t), the survival rate (f u ) can be calculated using Eq. (13), and the cumulative tissue damage and necrotic area can be estimated as
where τ is the total treatment time, and k c is the cell loss rate, expressed with the Arrhenius model as [22] 
where A c is the frequency factor, ΔE c indicates the activation energy, and R represents the universal gas constant. The mathematical relationship between ΔE c and A c was summarized by He and Bischof et al. [21, 23] as
If A c = 4.362 × 10 43 s −1 and ΔE = 287.49 × 10 3 J · mol −1 are the thermal damage parameters, then the selected evaluation function,
indicates the extent of thermal damage in the cells. According to relevant theories and experiments, thermal damage is irreversible, and cells are considered to be thermally damaged when Ω is greater than 1 and 63% or more of the tissue is thermally damaged. These values were chosen as criteria in this paper since, if Ω is greater than 1, irreversible damage will occur in the normal tissue, resulting in discomfort.
Numerical techniques based on FVM
In order to predict the temperature distributions of magnetic induction therapy conformal hyperthermia, the bio-heat transfer Pennes Eq. (7) must be solved and information regarding the dynamic temperature spread of the treatment region must be obtained. The existing methods used to solve this equation include mathematical analysis methods and computer numerical methods. Computer numerical method solutions are exact and more intuitive, but not applicable to the practical applications of clinical computing software. Mathematical analysis methods have been widely applied to computer software. Using FVM, Eq. (7) was discretized and solved, and the computational node temperature was obtained.
The 3D computational space was discretized as a regular cuboid infinitesimal, and the 3D Pennes governing Eq. (7) was integrated within a controlled volume [24] : For a uniform grid system, Eq. (18) can be transferred according to the Ostrogradskee integral equation 
Due to its high efficiency and calculation storage space, the tri-diagonal matrix (TDMA) algorithm was used to solve the discrete Eq. (20) resulting from the FVM, and the generic solutions for the temperatures of each node were obtained.
Numerical simulation and validation
Experimental objectives
Conduct an agar phantom experiment in order to measure the heating of multiple thermoseeds in an agar phantom. Using computer simulations, validate the accuracy and reliability of the resulting models and numerical methods by comparing the simulation results to the measured values. 
Experimental apparatus
Agar phantom
In this paper, an agar phantom was used to validate the numerical model under laboratory conditions. The proportioning ratio was as follows: 400 g weighed purified agar powder, 2.4 g sodium chloride, and 1 g sodium nitride. The agar mixture was stirred and dissolved in 10 L distilled water and placed in a microwave oven and heated for 15 minutes to approximately 95 • C. The solution was extracted several times during the heating process and stirred to ensure even dissolution. The heating process was completed when the solution was gel-like; then, the solution was cooled naturally to approximately 50 • C. The solution was uniformly perfused in 60 mm × 60 mm × 60 mm molds and cooled in room temperature for 24 hours. The cubic experimental models were formed. The methods frequently used to measure the thermo-physical properties of prepared agar phantoms include the Transient Plane Source Method and the harmonic technique (3-omega) [25] , The harmonic technique was used for the purposes of this study. The 3-omega thermo-physical property test system from the University of Chinese Academy of Sciences was used as the measuring instrument. The measurement results are shown in Table 1 .
Magnetic induction hyperthermia system (MIH-100)
This alternating magnetic field device was jointly developed by the new medical technology lab at Tsinghua University and Fuzhou Haolian Medical Technology Co., Ltd. (see details in Fig. 2) . The device parameters are given in Table 2 .
The ferromagnetic thermoseed used in this study was a medical Ni-Cu alloy thermoseed
The key parameters are given in Table 3 [14, 26] . The thermoseed was implanted with puncture needles and cannulas. 
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Measuring tools
Measuring thermocouples, multi-channel temperature recorder and vernier caliper.
Experimental subjects
Cubic agar phantom. Thirty-two thermoseeds were implanted uniformly in two rows according to the mathematical model shown in Fig. 3 . The Curie point temperature of the thermoseed was equal to 77 • C. The operation was conducted at room temperature.
Temperature measurement locations
10 mm in front of the center of the phantom, 14.14 mm to the right of the center of the phantom, 10 mm to the left of the center of the phantom, center of the phantom, 10 mm to the right of the center of the phantom, and 10 mm behind the center of the phantom.
Experimental procedures
Preparation of agar phantom
The cubic agar phantom was prepared according to the method mentioned previously. Then, the phantom was placed under a constant temperature of 24 • C for 24 hours in order to achieve balance with the external environment.
The position markers, thermoseed, and thermocouples were implanted
The spatial coordinates of the thermoseed and the various temperature measurement points were calculated, and the surface of the agar phantom was marked. Then, the implantation depth of the thermocouples were marked, and puncture needles and trocar used to puncture the agar phantom according to the position of each point in order to ensure proper placement of the implants. Templates were used to implant the thermoseed and thermocouples in the specified locations. The puncture needles were rotated and inserted slowly to the specified locations durin ghte operation in order to ensure perpendicular insertion.
Heating experiments
An insulation board was placed beneath the underside of the phantom after implantation. Then, the phantom was placed between the magnetic poles of the experimental equipment, and the temperature of each point in the phantom was monitored for five to ten minutes. When the temperature of each point was not significantly different from the temperature of the external environment, the magnetic field parameters were set, the experimental equipment was initiated, and the thermoseed heating experiment was conducted until the heating curves plateaued.
Repeated experiments
After the first experiment, the phantom was allowed to cool to its initial temperature. Then, the heating experiment was replicated five times.
Experimental data processing
The results of the five experiments were compared. The mean values of the three experiments with approximate results were used to draw the final heating curve. Then, the phantom was cut, and the positions of the thermoseeds and measurement points were observed in order to determine whether they were consistent with the experimental design. Once significant deviation occurred, another phantom was prepared, and the experiment was replicated.
Calculation verification
The simulation was performed using the mathematical model shown in Fig. 2 . In order to ensure accuracy, a 3D discrete calculation with a step-length of 1 mm was selected, and the calculated temperature value of each temperature measurement point was output. Then, the results were compared to the experimental results.
As shown in Fig. 4 , the curve was plotted with the calculated values after correcting the temperature differences with the mean temperature value of the experiment. When the magnetic field parameter was large enough, the temperature distribution of the warmed ferromagnetic thermoseed plateaued with self-regulation. In addition, the calculated and measured temperatures were different. This could have resulted from slight deviations in the spatial locations or the effects of the slight angle between the thermoseed and magnetic field on the thermogenesis power since precisely positioning the thermoseed during the implantation process is difficult. It could have also been the result of insufficiently precise thermocouple implantation, leading to the offset of the actual measurement points and inconsistencies in the calculated values.
Despite the effects of these manual errors, the errors between the calculated values and measured values at each measurement point were within the allotted range (± 0.5 • C). Thus, the mathematical model and numerical computations were reliable.
Applications
During magnetic induction hyperthermia, preoperative CT scans must be conducted, and the results must be scanned to the planning system. The GPU real-time volume rendering method is applied to display the 3D anatomical structures of the patient on the surgical planning interface. Subsequently, the tumor tissue is divided by manually sketching the tissue outlines or with the semi-automatic segmentation algorithm in order to establish a 3D surface model and determine the boundary conditions. Then, conformal thermoseed implantation is conducted on the tumor tissue alternately according to the template size, Table 4 The bio-heat transfer parameters of human tissue Tissue Density Specific heat capacity Thermal conductivity blood perfusion rate ρ/(kg ·m and the surgeons add and adjust the surgical routes, tissue parameters, magnetic field parameters, and treatment times. Next, the system reconstructs the damaged area and displays the anatomical structure of the patient after integration according to the thermoseed distribution of the targeted region. The doctors can then compare this damaged area to the tumor region in order to determine whether the surgical plan is capable of effectively inactivating the tumor. In the example calculation in Fig. 5 , the red curve indicates the tumor; the black curve indicates the outermost thermal damage; the colored area is the temperature field distribution; and the outermost blue area is an isotherm at 48 • C. Refer to the study conducted by Holmes [27] and Deng Zhongshan [28] et al. for the bio-heat transfer parameters of human tissue; the details are shown in Table 4 .
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During clinical operations, doctors use puncture needles to implant thermoseeds into patients according to the needle insertion points, insertion angles, and depths planned during the thermoseed implantation paths before surgery. Then, the hyperthermia operations are performed according to preset magnetic field frequencies, intensities, and treatment times. In general, since inserting the needle into the intended site is difficult, real-time ultrasound imaging is required for guidance and confirmation of the specific location of the surgical instrument. In addition, iron constantan thermocoupling is used to measure the tissue temperature during the surgical procedure.
Conclusions
In this study, a thermoseed thermogenesis model, tissue heat transfer model, and tissue thermal damage model were established based on target region temperatures and thermal damage distributions during the preoperative treatment planning system of magnetic induction hyperthermia. The contribution of g(x) to the thermoseed absorption power was considered in the thermoseed thermogenesis model since, during an actual magnetic induction treatment, the typical amount of thermoseed implanted in the tumor region ranges from one dozen to dozens, and the accurate calculation of g(x) can improve the accuracy of the temperature distribution calculation result. In the tissue heat transfer model, the effects of temperature changes on several calculation parameters were considered in order to further improve the accuracy of the temperature distribution calculation results. The tissue thermal damage model quantitatively described the thermal damage field and accurately evaluated the therapeutic effects.
Using FVM, the numerical solution methods were also studied in this paper. Phantom human model experiments and computer numerical simulations were designed, and the accuracy and reliability of the 3D magnetic induction hyperthermia models and their corresponding numerical computational methods were verified. The results were applied to magnetic induction hyperthermia planning system software. The 3D models established in this paper, as well as their corresponding numerical computation methods, provided accurate temperature and thermal damage distributions in the targeted regions..
In actual clinical trials, large vessels could be present in the region undergoing hyperthermia treatments. Thus, the impact of blood flow velocity should be considered in the calculations conducted in this paper. The accurate prediction of thermal fields and damaged fields in vascular areas require further studies.
